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Abstract. A new spin dephasing mechanism is proposed for semiconductors with carrier momentum-
dependent transition energies (inhomogeneous broadening) between spin states. In the presence of this
inhomogeneous broadening of the spin transitions, spin-conserving (SC) scatterings lead to irreversible
spin dephasing in a complete analogy to the optical dephasing of inhomogeneously broadened optical
transitions. This phenomenon is demonstrated for the case when the g-factor becomes electron-energy

dependent.

PACS. 67.57.Lm Spin dynamics — 42.50.Md Optical transient phenomena: quantum beats, photon echo,
free-induction decay, dephasings and revivals, optical nutation, and self-induced transparency — 78.47.4+p
Time-resolved optical spectroscopies and other ultrafast optical measurements in condensed matter

The physics and device application of the electron spin,
sometimes known as spintronics, have attracted a great
deal of interests experimentally [1-14] and theoreti-
cally [15-19]. Possible applications of spintronics include
qubits for quantum computers, quantum memory devices,
and the spin transistors etc. Understanding the mecha-
nisms of spin dephasing is an important prerequisite for
such applications.

Three mechanisms for spin dephasing have been pro-
posed for semiconductors so far [20,21]: the Elliott-
Yafet (EY) mechanism [22,23], the D’yakonov-Perel’ (DP)
mechanism [24], and the Bir-Aronov-Pikus (BAP) mech-
anism [25]. In the EY mechanism, the spin orbit interac-
tion leads to a mixing of electron states with hole states
of opposite spins. This mixing results in nonzero electron
spin flip due to impurity and phonon scatterings. The DP
mechanism [24] is due to the spin-orbit interaction in crys-
tals without inversion center which results in the spin state
splitting of the conduction band at k # 0. This mech-
anism is equivalent to an effective magnetic field acting
on the spin, with its magnitude and orientation depend-
ing on k. Finally, the BAP mechanism [25] is originated
from the mixing of the heavy hole (hh) and light hole
bands due to spin-orbit coupling. The spin-flip scattering
of electrons by holes via Coulomb interaction is therefore
permitted, which gives rise to the spin dephasing. Very re-
cently, Kikkawa and Awschalom found that the periodic
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pump pulse train in the experiment can polarize nuclear
momentum and consequently the nuclear polarization pro-
vides additional spin dephasing mechanism [13]. This de-
phasing mechanism is important only at low electron den-
sity and low temperature. Moreover, by sending a radio
frequency signal into the sample, the nuclear polarization
can be destroyed and therefore the dephasing mechanism
due to nuclear polarization can be removed [26].

It is noted that all the mechanisms above either pro-
vide or are treated as spin-flip scatterings. SC scatter-
ings, such as the ordinary Coulomb scatterings, electron-
phonon (EP) and electron-nonmagnetic impurity (ENI)
scatterings [27] (in the following we refer them as SC
Coulomb, EP and ENI scatterings) which have been ex-
tensively studied in optical problems [28], are commonly
believed to be unable to cause spin dephasing alone as they
commute with the total spin. The BAP and EY mecha-
nisms, as well as the nuclear spin dephasing mechanism,
provide automatically the spin-flip scatterings. The DP
mechanism is treated [20,24] by extracting the anisotropic
properties of k in different directions which, combined
with the SC scatterings, give rise to the effective spin-flip
scatterings.

In this paper, we propose another spin dephas-
ing mechanism in addition to the above mentioned
ones. The new mechanism results from the electron-
wavevector/energy dependence of the transition fre-
quency between opposite spin states, which results in
an inhomogeneous broadening of spin transitions. With
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this inhomogeneous broadening, SC scatterings lead to
a decay of the spin coherence. This new spin dephasing
mechanism is in complete analogy to the case of optical
dephasing with inhomogeneous broadening in atoms [29]
or in semiconductors [28].

To demonstrate the essentials of the new mechanism,
we use the model proposed recently for an insulating
ZnSe/Zn;_,Cd,Se quantum well under moderate mag-
netic field B in the Voigt configuration [17]. Based on
a four spin-band model (two (spin-up and-down +1/2)
conduction bands and two (+3/2) heavy hole bands), we
constructed the kinetic Bloch equations and calculated
dephasing and relaxation kinetics of laser-pulse-excited
plasma due to statically screened SC Coulomb scattering
and the BAP mechanism. Differing from reference [17],
here we only consider the SC Coulomb scatterings. The
Bloch equations can be written as:

p,u,u#k#cra’ = p,u,l/#k#cra’ |coh + p,u,u#k#cra’ |scatt . (1)

Here puu k000 represents a single particle density ma-
trix with p and v = ¢ or v standing for the conduction
band and heavy hole valence band respectively. The diag-
onal elements describe the carrier distribution functions
Pupk,oo = fuke of band u, wave vector k and spin o.

ko = feko represents the electron distribution function
with o = j:% and fyoxe = 1 — frre with frre denoting the
hh distribution function and o = i%. The off-diagonal
elements describe the inter spin-band polarization com-
ponents (coherences) wWith pey k.oor = Pkoor = Proore
for the inter CB-VB polarization and p..; 11 for the
spin coherence. It is noticed here that for Py,./, the first
spin index o always corresponds to the spin index of the
electron in the CB (+1/2) and the second spin index o’
to that of the hh VB (+3/2).

The coherent and scattering parts of the equation of
motion for the electron distribution fex., hole distribution
fhko, optical coherence Py, and spin coherence pec ko—o
are given in detail in equations (5-13) in reference [17].
Here, for the sake of further discussion, we repeat the
coherent parts of the equation of motion of electron distri-
bution, spin coherence and optical coherence. We consider
time evolution well after the pump pulse has vanished
and therefore we do not include the terms relating to the
pump pulse. Therefore the coherent part of the equation
of motion for the electron distribution function is given by

afeka

o = —guBImpec koo +2 YV

coh q

X Im(z P]:;k+qo‘a" Pioor + pcc,k+q,—aapcc,k,a—a) . (2)
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The second term on the right hand side of equation (2)
is the Fock term from the Coulomb scattering with Vj
denoting the Coulomb matrix element. The coherent time
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evolutions of the spin coherence and optical coherence are
given by

0
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= IZ V;I[(fek—i-qa - fek+q—o)pcc,k,a—a
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The first term of equation (4) gives the free evolution of
the polarization components with the detuning

door (k) = €enk — Ao — Z Vo(fektqo + frk+qor)  (5)
q

with €eni = €et + €nk and Ag = w — Eg. Ag is the de-
tuning of the center frequency of the light pulses with
respect to the unrenormalized band gap. The last term in
equation (4) describes the excitonic correlations whereas
the first term in equation (3) describes the Hartree-Fock
contributions to the spin coherence.

For SC scatterings, one can show [17]

apcc,k,a—a _
Zk: eegoel =0, (6)

scatt

Using equation (6) one can prove from equations (1-3),

that
2

a 2. 2 n2
@Im;pcc,k,afa =g MBB Im;pcc,k,afo' s (7)

0
&Re; Pce,k,o—a = 0. (8)

This means that the spin coherence will keep oscillating
without any decay [30] in the absence of the spin-
dephasing mechanisms mentioned above. Nevertheless, if
one considers the scattering terms in equation (1) for the
optical coherence, similar to equation (6), one obtains

apk,cm”
2 o

k scatt

0 9)

for all the SC scatterings [17,28,31]. However, we know
that these scatterings do cause optical dephasing [17,28].
The difference between the spin problem and the optical
dephasing lies in the coherent part of the equations of mo-
tion. The coherent part in the equation for optical coher-
ence, dy0 (k), is a function of €., and epy. This introduces
an inhomogeneous broadening to the optical coherence. It
is this broadening that causes cancellation of the phases
among individual optical dipoles in the presence of scat-
terings that satisfy equation (9), leading to an irreversible
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dephasing. For spin coherence above, these is no such
carrier-momentum dependent transitions in the coherent
part, equation (3). Therefore, scattering events alone can-
not cause any spin dephasing. This indicates that in order
for SC scatterings to cause irreversible spin dephasing, in-
homogeneous broadenings in spin coherence are necessary.

There are at least two ways to cause such inhomoge-
neous broadenings in spin coherence. The first is the DP
term, as discussed in the DP mechanism in reference [18].
We will come back to this issue later in the paper. The
second is through the energy dependence of the g-factor.
It has been found experimentally that the g-factor is not
constant. Its values at the CB edge in I1I-V semiconduc-
tors are smaller than the free-electron value, +2. When the
electron energy is increased, the g-factor approaches the
free-electron value [32]. The origin of this energy depen-
dence comes from the nonparabolicity effect, and also the
strain and the penetration effects for quantum wells [33].
The energy relaxation of electrons due to carrier-carrier
scattering does not change this energy dependence of the
g-factor. Within a small energy range, it was found that
the g-factor can be approximated by

9(E)

for both 3D and 2D systems, with E being electron en-
ergy [32,34-38]. For III-V semiconductors, it was found in
the experiments that § ranges from 144 to 2.2 (8 and F are
in units of 1/eV and eV respectively) whereas gy ranges
from —51 to 1.26. It is noted that this energy dependence
should not be mixed up with the many-body exchange ef-
fects of electrons [39,40]. Actually at least the lowest order
of the exchange correction [39], i.e., the Fock contribution
in the second term of equation (3) is totally canceled by
the Hartree contribution (the first term of Eq. (3)) after
the summation of k as we have proved above (Egs. (7)
and (8)). Equation (10) introduces an energy-dependence
of spin transitions, leading to inhomogeneous broadening,
and thus, spin dephasing in the presence of SC scatterings.

In the following, we present the results of a model
calculation to show how SC Coulomb scattering makes
the spin dephasing under the inhomogeneous broadening
equation (10). For the sake of comparison with our earlier
results [17], we use exactly the same model as we did in
reference [17]. We numerically solve the Bloch equations
with only Coulomb scatterings (scatterings from the BAP
mechanism are not included in this paper) to study the
spin coherence of optically excited electrons in an insu-
lating ZnSe/Zn;_,Cd,Se quantum well. We apply a sin-
gle circularly polarized pump pulse and calculate the time
evolutions of both the optical and spin coherences together
with the electron and hh distributions after that pulse
under the carrier-carrier scattering. The dephasing of the
spin coherence is well defined by the incoherently-summed
spin coherence [17], p(t) = >} [Pk, 1 — 1 (t)], while the op-
tical dephasing is described by the incoherently summed
polarization [28,41], Pys(t) = Y ) | Pr,oo(t)|. The param-
eters of the material and the pump pulse are exactly the
same as those in reference [17] except the g-factor is re-
placed by equation (10). To our knowledge, there is no

=BE+ go (10)
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Fig. 1. Total densities Neko (t) of spin band o for electron and
Nya (t) for hh (solid curves) together with the incoherently

summed polarization P1 3 and spin coherence p(t) (dashed

curves) are plotted agamst time ¢ for B =4 T. Note the scale
of coherences is on the right side of the figure.

experimental and theoretical study of the value of 5 and
go for ZnSe/Zn, _,Cd,Se quantum well. It is therefore un-
derstandable that certain degree of arbitrariness exists in
choosing these two numbers. In this paper we choose their
values so that the final effective g-factor in the same or-
der as measured in the experiment, to demonstrate how
SC Coulomb scattering can now cause spin dephasing. It
should be pointed out that the actual dephasing mecha-
nism for this particular material may be either a combina-
tion of the effect proposed here and the BAP mechanism
or the BAP mechanism alone, depending on how strong
the inhomogeneous broadening equation (10) is. Moreover,
it is also noticed that the linear dependence on E of the
g-factor (Eq. (10)) is valid only in a small range of energy.
A full investigation of the g-factor for the whole energy
range and at different density difference between spin-up
and -down bands is important in further understanding
the spin dephasing mechanism caused by SC Coulomb
scattering.

The main results of our model calculation are plot-
ted in Figure 1. 3 and gy are taken as 97.5 eV ™!
—1 respectively. The incoherently summed polarization,
P% 3 (t), and the incoherently summed spin coherence, p(t),
are plotted as dashed curves in Figure 1. The total den-
sities of each spin band Nes(t) = >, fero(t) for elec-
tron and Ny s (t) = 3_, furz(t) for hh are also plotted as
solid curves in the same figure. It is seen that the optical
coherence is strongly dephased by the Coulomb scatter-
ing and vanishes completely within the first few picosec-
onds. It is further shown from the figure that the spin
coherence shows strong decay. This is different from the
case in Figure 3 of reference [17] where g is a constant
and there is no decay of the spin coherence. This verifies
that the SC Coulomb scattering can cause spin dephasing
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in the presence of the inhomogeneous broadening in the
spin coherence. We also found that the dephasing is much
stronger if B in equation (10) is larger.

Similar to the optical dephasing, the spin dephasing

proposed in this note is a result of energy/momentum-
dependent transitions, which lead to inhomogeneous
broadening, and thus spin dephasing in the presence of
the scatterings. Differing from the BAP mechanism and
the EY mechanism where the scatterings flip the electron
Opec o |PAPEY)
o # 0, here the
SC scatterings do not flip the spin of electrons (Eq. (6)).
Rather, the dephasing is purely due to the phase random-
ization of individual spin dipoles and the resulting destruc-
tive interference.

As we mentioned before, the DP mechanism also gives
the momentum dependent transitions, the Dresselhaus
term in the coherent part of the spin coherence equation
in reference [18]. We point out here that all the earlier
treatments of DP mechanism [20,24] only considered the
dephasing due to anisotropic property of the DP terms —
which, combined with SC scatterings, gives rise to effective
spin-flip scatterings — but overlooked the dephasing due to
the inhomogeneous broadening. This can be seen from the
fact that if the DP term were isotropic in all directions of
k, the treatment of references [20,24] would give no spin
dephasing. However, one may see from above discussion
that in that case one should expect spin dephasing also.
A correct treatment with both the anisotropic effect and
the inhomogeneous broadening effect included is presented
in our recent paper for n-doped bulk GaAs [18].

In conclusion, we have proposed a new spin dephas-
ing mechanism based on inhomogeneous broadening effect.
We have shown that with inhomogeneous broadening in
the spin coherence, SC Coulomb, EP and ENI scatterings
can cause irreversible spin dephasing. The inhomogeneous
broadening can be either the DP terms or the energy de-
pendence of the g-factor.

spin and therefore .
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